Abstract: Discrepancies in body fluid estimates between segmental bioimpedance spectroscopy (SBIS) and gold standard methods may be due to the use of a uniform value of tissue resistivity to compute extracellular fluid volume (ECV) and intracellular fluid volume (ICV). Discrepancies may also arise from the exclusion of fluid volumes of hands, feet, neck and head from measurements due to electrode positions. The aim of this study was to define the specific resistivity of various body segments and to use those values for computation of ECV and ICV along with a correction for unmeasured fluid volumes.
Multifrequency bioimpedance spectroscopy (BIS) has been advocated as a noninvasive, simple and inexpensive tool to assess fluid status in hemodialysis (HD) patients as well as other areas of medicine [21, 4, 18, 11, 7] . The BIS method for estimation of intracellular (ICV) and extracellular (ECV) fluid volumes as well as total body water is based on the conductive properties of different body tissues in response to electrical currents of various frequencies [9, 12] . The volume of conductive tissues can be derived from the corresponding electrical resistances. Tissues containing a combination of water and electrolytes are more conductive than bone, air-filled spaces, and fat. Nevertheless, several reports show that current bioimpedance methods may not be accurate enough for clinical use [14, 34, 8] .
One of the reasons for inaccuracy of whole body wrist-to-ankle BIS (WBIS) method may be its view of the body as one cylinder, ignoring differences in geometric shape and size of the various body segments [33, 27] . A segmental BIS (SBIS) approach has been developed which measures bioimpedance in arm, trunk and leg segments separately and then estimates total body fluid volumes as a sum of segmental values [22, 2] . However, even with this approach total body ECV is underestimated [3] . This may be due to the use of a uniform resistivity value for all segments in the equations used for calculation of segmental ECV. It is hypothesized that estimates of ECV, ICV and TBW from SBIS could be considerably improved by using segment specific resistivity in the equations. However, assessment of segmental-resistivity remains difficult, because a gold-standard measure of ECV and ICV in each specific segment would be required.
Tracer dilution methods are considered gold standards for assessment of body fluid volumes. Deuterium (D 2 O) dilution is generally used for assessment of TBW and sodium bromide (NaBr) dilution for ECV, while ICV can be assessed either from total body potassium content (TBK) or as the difference between TBW and ECV [30, 28] . Dilution methods are not able to directly predict segmental fluid volumes. An approach to define them is the measurement of total body fat-free mass (FFM) and its hydration status, the definition of segmental tissue composition by imaging technology, and then the calculation of fluid volumes based on the hydration index of the segmental fat free masses. The major body segments, arms, trunk and legs are composed of fat, muscle and bone, and their respective masses can be measured by magnetic resonance imaging (MRI). The hydration state of FFM is calculated from MRI and dilution methods and is assumed to be similar in each body segment. The hydration status of FFM is relatively stable (TBW/FFM=0.73) in normal healthy subjects [24] . However, because of fluid retention due to lack of kidney excretory function, the hydration status of FFM in hemodialysis patients may be higher than in healthy subjects. The aim of this study was to improve the accuracy of SBIS in maintenance hemodialysis patients by measuring the specific resistivity of various body segments and applying those values to algorithms used for calculation of ECV, ICV and TBW. [26] . Blood samples were collected immediately before and 3 hours after intake of these substances, when equilibration had been reached.
Total body potassium content

40
K, a natural radioisotope of potassium was used for estimation of total body potassium, using a whole body counter [30] . Total body potassium (TBK, mmol) was estimated as: TBK = 40 K/0.0118 and body cell mass were measured as BCM = 0.00883*TBK. [24, 26] .
Magnetic resonance imaging (MRI)
MRI of the whole body was carried out as reported by Gallagher et al. [15] . Scans were prepared using a images of 10-mm thickness and 40-mm spacing from neck to foot. MRI provided estimates of fat, muscle and bone volumes, and a correction was made for hydration of adipose tissue.
All MRI scans were segmented into the components mentioned above by highly trained analysts using image analysis software (Tomovision, Montreal, QC, Canada). In a multiple-step procedure, a threshold was selected for adipose tissue and lean tissue and lines were drawn around the selected regions by use of a Watershed algorithm. Thereafter, tissues of interest were color-labeled and the respective tissue areas (cm 2 ) for each MRI image were calculated by summing the specific tissue pixels and then multiplying by the individual pixel surface area. The volume per slice (cm 3 ) was derived by multiplying tissue area by slice thickness and the volume of each tissue for the space between two slices was calculated and converted to mass units (kg) on the basis of specific tissue densities [15] .
Anthropometry
Body weight was measured by an electrical scale and height was measured to an accuracy of 0.1 cm.
The length of each segment (arm trunk and leg) was measured to an accuracy of 0.1 cm, with radiolucent markers indicating the proximal and distal ends of each segment. Maximal and minimal circumferences of each segment were also measured.
Multifrequency Bioimpedance Spectroscopy
A multi-frequency device (Xitron 4200) was used for automatic sequential measurements of BIS of arm, trunk, leg and wrist-to-ankle, with frequencies ranging from 5 kHz to 1 MHz. Current was injected through two electrodes placed on one wrist and the ipsilateral ankle. Voltage was recorded from four electrodes placed on the wrist and ipsilateral shoulder, greater trochanter and ankle and the signal was transferred to the BIS device by a digital switch [33] . The arm not used for dialysis access was used for
BIS measurements. With this method segmental BIS (SBIS) and whole body wrist-to-ankle BIS (WBIS)
could be recorded together. To allow for equilibration of body fluids patients were positioned supine for at least 15 minutes before the start of measurements. Each measurement was repeated at least 10 times and the average value was used in subsequent computation.
Calculations
The average of total bromide space (ECV NaBr ) and the difference between deuterium space (TBW D2O ) and total body potassium space (ICV TBK ) (ECV TBK = TBW D2O -ICV TBK ), was used as the ECV gold standard (ECV G ), and the average of ICV TBK and the difference between TBW D2O and ECV G was used as the ICV gold standard (ICV G )
Hydration state of FFM
Total body fat free mass (FFM total ) was calculated as body mass (BW) less total body fat mass.
Segmental FFM was calculated as skeletal muscle mass plus bone mass. Extra-and intracellular hydration status of FFM were calculated as the ratios of total body ECV to FFM (α= ECV G / FFM total ) and total body ICV to FFM (β=ICV G / FFM total ), respectively. Factors α and the β thus resemble indices of body hydration. It was assumed that the value of the α and β in the whole body and each segment were identical .
Segment-specific resistivity
Based on resistance and reactance data derived from BIS, extracellular (R E , Ohm) and intracellular resistance (R I , Ohm) were calculated using the Cole-Cole model [15] . Extracellular (ρ E , Ohm cm) and intracellular segmental resistivity (ρ I , Ohm cm) were then calculated as 2 , ,
where FFM i is segmental fat free mass, 'L' is length of each segment (cm) and 'i' represents the individual segment.
Segmental and total body ECV and ICV
Segmental ECV i and ICV i were calculated as:
Eq.4
Total body ECV and ICV were calculated respectively as the sum of segmental ECV and ICV, either using segmental resistivity values (ECV SR , ICV SR , eq. 5 and 6) or using the uniform resistivity value for each segment (ECV UR , ICV UR , eq. 7 and 8, according to [34] ) : Due to the location of the electrodes the ECV and ICV estimates from SBIS do not include fluid compartments contained in hands, feet, head and neck. Therefore, ECV and ICV results were corrected for the hydrated FFM of each of these compartments. Estimates for the FFM of head, neck, hands and feet were based on the fraction of total FFM contained in these areas, as reported recently [10] , and the measured extracellular and intracellular hydration status of total FFM, as described above:
Eq. 9
Where FFM head+neck is 5.87 % , FFM hand is 0.97 % and FFM foot is 0.43 % of total body weight [10] . 
Whole body bioimpedance measures
For the WBIS method, whole body ECV W , ICV W and TBW W were calculated according to [9] as:
where H is body height in cm, W is body mass in kg, and R E is extracellular resistance in Ohms.
K ECV is a factor related to body shape, density and resistivity by the following equation:
Eq.14 where D is body density considered as constant value (kg/L), and K B is a coefficient relating body height to limb geometry:
where, C A , C T and C L represent segmental circumferences ICV W was calculated as:
Eq.16 where k ρ is the ratio of intracellular fluid resistivity to the extracellular fluid resistivity (k ρ =ρ ICV /ρ ECV ). 
Statistical analysis.
Data are presented as means ± SD. Linear regression analysis was performed to study the relationship between gold-standard measures of body water compartments with estimates generated by SBIS and WBIS. Bland-Altman plot was used to report bias and limits of agreement between gold standard and bioimpedance measurements. Differences between groups were compared using Student's paired t-test and were assumed significant at p < 0.05. Statistical analysis was performed using Prism 4 (GraphPad Software, Inc. San Diego CA). Table 1 (Table 1) .
RESULTS
Whole body extracellular resistance (R E ) and intracellular resistance (R I ) were measured either directly by wrist-to-ankle BIS (WBIS) or calculated as the sum of segmental resistances from SBIS ( Table 2 ).
The mean sum of segmental R E was not different from mean whole body R E in men or women (p = n.s.).
In contrast, the sum of segmental R I and whole body R I were both lower in men than in women.
Specific resistivity values for various body segments were computed from FFM hydration coefficients (α and β), segmental FFM, and segmental resistance using Eq. 1 and Eq. 2. Extracellular segmentspecific resistivity differed significantly between arms, legs and trunk (Table 3) . Intracellular segment specific resistivity values for legs and trunk were not different from each other but were significantly higher than for arms. ECV and ICV were calculated for each segment using the classical BIS equations applying a uniform resistivity factor for each segment (SBIS UR ) and compared to estimates derived from the modified equations using segment specific resistivity values (SBIS SR ) ( Table 4) . ECV estimates for arms and legs derived from SBIS with segment-specific resistivity were significantly higher compared to the traditional method, while estimates for trunk ECV were lower. In contrast, ICV and TBW (ECV+ICV) estimates for arms and trunk were lower when derived from SBIS SR than from SBIS UR . No difference between the two methods was found for leg ICV estimates. Estimates of total body ECV, calculated as sum of segments, were higher when computed with segment-specific than with uniform resistivity values.
In contrast to gold standard methods, SBIS does not take into account the volumes of hands, feet, head and neck and thus underestimates total body volumes. For direct comparison with gold standards BIS data were adjusted for unmeasured regions of the body according to Eq. 9 -12. Adjusted total ECV and TBW calculated from SBIS SR were not different from gold standards, while calculations from WBIS and SBIS UR resulted in significantly lower estimates ( Table 5 ).
The correlations of ECV, ICV and TBW with the respective gold standard methods were stronger for SBIS SR than for WBIS (Fig. 1 -3 The geometry of segments differed significantly between males and females with regard to length and circumference (Tab. 6). The specific K B values calculated with Eq. 15 were higher than the value currently used in those equations (K B =4.3), but was not different between men and women. There is no improvement of accuracy of WBIS by comparing gold standard ECV and ECVW using individual K B calculated with Eq. 15 (Fig.4) .
DISCUSSION
Various approaches to the use of whole body and segmental bioimpedance have been made for assessment of body composition and body fluid volumes in hemodialysis patients [4, 31, 5, 17] . For WBIS the body is assumed to be a uniform cylinder with homogeneous conductivity, while for segmental BIS, the body is viewed as several cylinders of differing sizes connected in parallel and in series. Results derived from both BIS methods are based on measures of tissue resistance and reactance.
Equations used for calculation of extracellular fluid volumes from SBIS currently include a factor for tissue resistivity [ρ], which does not differ for the various segments [33] . Resistivity of a specific body segment, however, depends on its tissue composition and hydration status, and, because it is assumed to be a cylinder, on the segment's length and circumference. In this paper we have defined segment specific resistivity values for arms, legs and trunk separately and have applied those value to the equations for calculation of ICV, ECV and TBW. The results were compared to those obtained with a uniform resistivity factor and to data derived from WBIS. This study shows that both, extracellular and intracellular resistivity differ between segments and indicates that accuracy of body fluid volume measurements from SBIS can be significantly improved by using segment-specific resistivity.
For the definition of segmental resistivity it was essential to measure FFM and the hydration status of FFM with gold-standard methods independent of BIS. Whole body and segmental FFM were determined by MRI, a validated method for assessment of muscle and fat mass [20] . The hydration status of whole body FFM was defined by the ratios of ECV to FFM (α) and ICV to FFM (β), where the gold standard for ECV (ECV G ) was determined as the average of total bromide space (ECV NaBr ) and the difference between deuterium space (TBW D2O ) and total body potassium space (ICV TBK ) (ECV TBK = TBW D2O -ICV TBK ). The gold-standard for the whole body ICV (ICV G ) was calculated as the difference of TBW D2O and ECV G . The ratio of ECV/FFM was higher in females than in males, and a similar observation was made for the TBW/FFM ratios which were both higher than those reported for normal subjects (0.73 L/kg) [29] . There was no sex difference for the ICV/FFM ratio. Since our data were obtained on a regular dialysis day prior to the start of dialysis treatment, these differences are in accordance with accumulation of water in the extracellular space between dialysis treatments. The sex differences in ECV/FFM are readily explained by generally lower FFM in females compared to males but similar interdialytic weight gain. For further analyses the hydration status of FFM indicated by the factors α and β was assumed to be identical throughout the body for each sex.
Extracellular and intracellular segmental resistivities were determined for arms, legs and trunk.
Extracellular segmental resistivity of the trunk was significantly higher than that of arm and leg, which also differed significantly from each other. Intracellular segmental resistivity was similar for trunk and leg, but significantly lower in the arm. These differences in segmental resistivities may be due to i) differences in the composition of body tissues within each segment that affect the distribution of body fluid and ii) differences in segmental geometric shape and volume that lead to inhomogeneous distribution of the electrical current. The traditional algorithms for calculation of segmental ECV and ICV (Eq. 7 and 8) from SBIS take into account tissue resistance data specific for each segment but employ only a uniform value for segmental resistivity [34, 33] . In a previous study we have reported that these traditional SBIS equations underestimate trunk ECV, due to inhomogeneous distribution of low voltage current throughout the trunk and we have been able to improve the accuracy of the equation by introduction of a compensatory factor [33] . The present study shows that there are major differences between the uniform resistivity value and those derived from our measurements for each segment. Use of uniform rather than segmental resistivity values leads to underestimation of segmental and total body fluid volumes.
Due to location of the electrodes, tissue volumes for hands, feet, head and neck are not included in SBIS measurements. We have compensated for these body fluid compartments in our calculations (Eq. 9 -12) and thus were able to further improve SBIS accuracy. Use of segment-specific resistivity values in combination with correction for unmeasured body fluid compartments resulted in significantly improved estimates of ECV, ICV and TBW from SBIS and the results did not differ statistically from those derived from gold standard methods. One other factor that might interfere with impedance measurements is plasma electrolyte concentration, which changes during and between dialysis treatments. However, the effects of electrolyte concentration on impedance are difficult to separate from changes in body water volumes due to the inherent linkage of changes in electrolyte concentration with those in extracellular fluid volumes in HD patients.
Whole body BIS is the bioimpedance technique used most frequently for assessment of body fluid volumes. This technique assumes the body to be one cylinder and equations include a factor K B (K B = 4.3) which relates body height to limb geometry. The constant K B is used under the assumption that limb length and body height are proportionate [12, 31, 9] , which may not always be the case. The accuracy of WBIS should be improved by applying individual body segmental coefficients instead of a constant K B value [12] . We have measured segmental limb lengths and circumferences and introduced individual K B values for calculation of ECV, ICV and TBW. This, however, did not significantly improve the accuracy of WBIS estimates, which still were significantly lower than both gold standard estimates and estimates from SBIS using segment-specific resistivity. While data on ECV are clinically useful for estimation of body hydration and prescription of dry weight, data on ICV, which are closely related to muscle mass, may be used for assessment of body composition. Clinically, accurate assessment of segmental or whole body ECV and ICV by BIS will allow differentiation of causes of weight gain (overhydration vs. increase in muscle mass) or weight loss (dehydration vs. loss of muscle mass) in hemodialysis patients.
In conclusion, the accuracy of ECV, ICV and TBW estimates from segmental BIS in maintenance hemodialysis patients is improved by applying segment-specific resistivity values for arms, legs and trunk and by correcting for unmeasured body compartments. Accuracy of whole body BIS was not improved by adjusting for individual limb geometry. Accurate estimation of body fluid volumes is useful in predicting body composition in dialysis and non-dialysis patients and segmental BIS appears to be a most promising tool for these purposes. However, it should be emphasized that the segmentspecific resistivity values reported here were obtained from patients with end-stage-renal disease and thus may not be applicable to a non-dialysis population. Tables   Table 1 Patients' All differences between specific segments resistivity and uniform resistivity with SBIS are significant (p<0.05). 
